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ABSTRACT
Filament eruptions often lead to coronal mass ejections (CMEs), which can affect
critical technological systems in space and on the ground when they interact with the
geo-magnetosphere in high speeds. Therefore, it is an important issue to investigate the
acceleration mechanisms of CMEs in solar/space physics. Based on observations and
simulations, the resistive magnetic reconnection and the ideal instability of magnetic
flux rope have been proposed to accelerate CMEs. However, it remains elusive
whether both of them play a comparable role during a particular eruption.
It has been extremely difficult to separate their contributions as they often work in a
close time sequence during one fast acceleration phase. Here we report an intriguing
filament eruption event, which shows two apparently separated fast acceleration phases
and provides us an excellent opportunity to address the issue. Through analyzing the
correlations between velocity (acceleration) and soft (hard) X-ray profiles, we suggest
that the instability and magnetic reconnection make a major contribution during the
first and second fast acceleration phases, respectively. Further, we find that both pro-
cesses have a comparable contribution to accelerate the filament in this event.
Subject headings: magnetic reconnection − Sun: flares − Sun: coronal mass ejections
(CMEs)
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1. INTRODUCTION
Coronal mass ejections (CMEs) are the most energetic eruptions in the solar system and
can affect critical technological systems in space and on the ground when they interact with the
geo-magnetosphere in high speeds ranging from several hundred to even more than one thousand
kilometers per second. Therefore, it is an important issue to investigate the acceleration mechanisms
of CMEs in solar/space physics. It is generally accepted that CMEs are driven by magnetic flux
rope (MFR) eruptions (Chen 2011). However, we can not observe MFR structures directly in the
corona because no instrument can provide the high quality measurement of the coronal magnetic
filed at present. Several lines of observations in the lower corona have been proposed as the proxies
of MFRs, e.g., filaments/prominences (Rust & Kumar 1994), coronal cavities (Wang & Stenborg
2010), sigmoids (Titov & De´moulin 1999; McKenzie & Canfield 2008), and hot channels (Zhang et
al. 2012; Song et al. 2014a, 2014b, 2015). Resolving the dynamics of these structures are critical
to our understanding of the CME acceleration process.
There exist two important magnetic energy release mechanisms: one is the re-
sistive magnetic reconnection process (Carmichael 1964; Sturrock 1966; Hirayama
1974; Kopp & Pneuman 1976) and the other is the ideal global magnetohydrodynamic
(MHD) MFR instability (van Tend & Kuperus 1978; Priest & Forbes 1990; Forbes &
Isenberg 1991; Isenberg et al. 1993; Forbes & Priest 1995; Hu et al. 2003; Kliem &
To¨ro¨k 2006; Fan & Gibson 2007; Chen et al. 2007a, 2007b; Olmedo & Zhang 2010).
Both mechanisms are supported by observations. For example, good correlations exist
between CME speed (acceleration) and the soft X-ray (hard X-ray and microwave)
profiles of associated flares (Zhang et al. 2001; Qiu et al. 2004; Maricˇic´ et al. 2007).
In addition, studies showed that the extrapolated magnetic flux in the flaring region
was comparable with the magnetic flux of the MFR reconstructed from in situ data
(Qiu et al. 2007). All these CME-flare association studies support that reconnections
play an important role in accelerating CMEs. On the other hand, statistical studies
showed that the projected speed in the sky plane and kinetic energy of CMEs only
had weak correlations with the peak values of their associated X-ray flares (Yashiro
et al. 2002; Vrsˇnak et al. 2005). These observations support that the ideal MHD
instability also makes significant contributions to the CME acceleration besides the
magnetic reconnection.
The theoretical and simulation studies also support that the instability and recon-
nection can accelerate the CMEs (De´moulin & Aulanier 2010; Roussev et al. 2012;
Amari et al. 2014). Generally, the instability plays an important role in triggering
and accelerating the MFR, and then the magnetic reconnection accelerates the MFR
further and allows the process to develop continuously (Priest & Forbes 2002; Lin et
al. 2003).
However, it remains elusive whether both mechanisms have a comparable contri-
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bution to the acceleration in a particular event as they usually accelerate CMEs in a
close time sequence. In this letter, we address this issue through analyzing a filament
eruption with two apparently separated fast acceleration phases, instead of one as
usual. The relevant observations and results are described in Section 2. Section 3 presents the
related discussion, which is followed by a summary in Section 4.
2. OBSERVATIONS AND RESULTS
2.1. Instruments
The eruption process was recorded by the Atmospheric Imaging Assembly (AIA) telescope
(Lemen et al. 2012) on board the Solar Dynamic Observatory (SDO). AIA has 10 narrow UV and
EUV passbands with a cadence of 12 s, a spatial resolution of 1.2′′, and an FOV of 1.3 R⊙. The
AIA images shown in this letter (Figure 1 and Supplementary Movie) are a small portion of the
original full size images.
The soft and hard X-ray (SXR and HXR) data shown in Figure 3 are from Geostationary
Operational Environment Satellite (GOES) and the Reuven Ramaty High Energy Solar Spectro-
scopic Imager (RHESSI: Lin et al. 2002), respectively. GOES provides the integrated full-disk
SXR emission from the Sun, which are used to characterize the magnitude, onset time, and peak
time of solar flares. RHESSI provides the HXR spectrum and imaging of solar flares.
2.2. Overview of the filament eruption
The filament eruption originated from NOAA Active Region 12151 located at the heliographic
coordinates ∼S09E76 on 2014 August 24. This eruption produced an M5.9 class SXR flare on
GOES scale, which started at 12:00 UT and peaked at 12:17 UT. A CME (linear velocity 417
km s−1) associated with it was recorded by the Large Angle Spectroscopic Coronagraph (LASCO,
Brueckner et al. 1995) on board the Solar Heliospheric Observatory. We inspect the AIA images and
find that the filament appeared in all bandpasses corresponding to the coronal and chromospheric
temperatures, which indicate that it has a multi-thermal nature. The eruption process snapshots
observed with 304 A˚ (∼0.05 MK), 171 A˚ (∼0.6 MK) and 335 A˚ (∼2.5 MK) are presented at the top,
middle and bottom panels of Figure 1, respectively. The time when the image was taken is shown
at the top of each panel. The arrows depict the EUV brightening positions, where the plasma was
heated by magnetic reconnection. The full AIA image sequences of the eruption in six passbands
are provided in the Supplementary Movie.
In order to clearly display the rising motion of the filament, a slice-time plot was constructed
with base-difference images of 304 A˚ along the dotted line in panel b of Figure 1, as presented in
Figure 2. Around 12:16:00 UT, the filament apex moved out of the field of view (FOV) of AIA,
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so no further kinematic evolution analysis was possible after that time. Through the time-stacking
plot, we measure the filament height with time for a careful kinematic analysis as described in next
subsection.
2.3. Acceleration processes of the filament
The kinematic information of the filament is obtained by analyzing AIA 304 A˚ base-difference
images. We carefully inspect the images and identify the filament leading edges along the slice in
Figure 1(b). The heights are measured from the projected distance of the leading edges from the
flare location. The uncertainty of the height measurement is about 4 pixels (2 Mm), which are
propagated to estimate the velocity errors in the standard way. Based on the height-time mea-
surements, the velocities are derived from a numerical derivative method that employs Lagrangian
interpolation of three neighboring points, a piecewise approach to calculate the velocity (Zhang et
al. 2001; Cheng et al. 2013; Song et al. 2014a, 2014b). Then the filament acceleration is calculated
with the same method based on the calculated velocity profile.
Figure 3 presents the kinematic analysis results. The entire eruption process as seen by AIA
can be divided into three distinct phases as shown in panel a: an initial slow-rise phase, and then
two fast acceleration phases. The vertical green solid lines on the left and right demarcate the start
time of the first and second fast acceleration phases, respectively. In addition, the SXR flux with
time can also be divided into a slow-rise phase and two impulsive phases. The vertical black dotted
line denotes the onset of the first impulsive phase of X-ray flare. Apparently, the right green solid
line also marks the onset of the second impulsive phase of the flare.
The slow-rise phase of the filament lasted for about 7 min from ∼12:00 to ∼12:07 UT; at the
end of this phase, the velocity increased to ∼40 km s−1 with an averaged acceleration of 95 m s−2.
The first fast acceleration phase started around 12:07:19 UT and ended around 12:11:31 UT when
the velocity reached to ∼450 km s−1 with an averaged acceleration of ∼1626 m s−2. Then the
velocity decreased slightly during the following ∼1.5 minutes. The second fast acceleration phase
started around 12:13:00 UT. As the filament moved out of the AIA FOV, we can trace a part of
the second acceleration phase. The final velocity we deduce is ∼700 km s−1 around 12:15:40 UT.
Therefore, the averaged acceleration for this phase is ∼1600 m s−2. The horizontal red solid lines
in Figure 3 depict these two fast acceleration periods. As mentioned, the SXR flux with time has
two impulsive phases, which indicate there exist two obvious reconnection processes. This point
is further confirmed by the derivation of the SXR flux with two peaks as shown in panel b. The
two red dots in panels b and c depict the positions of two peaks, which show that the first obvious
reconnection is weak compared with the second one.
The onset of CME acceleration phase often coincides well with the onset of accompanying
flares (Zhang et al. 2001). For our event, it is obvious that the velocity and SXR flux profiles
are tightly consistent during their slow-rise phase and second fast acceleration phase. However,
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the onset time of the first fast acceleration phase of filament (12:07:19 UT) is obviously ahead of
the first impulsive phase of flare (12:09:19 UT) for two minutes, which means the filament was
accelerated before the first obvious reconnection onset. Thanks to AIA’s high cadence, such short
difference is otherwise difficult to observe and measure.
Further, we plot the HXR flux versus time in panel c, along with the filament acceleration pro-
file. The error bars of acceleration are large and not shown here. Note the HXR rates fell after 12:05
UT when the thin attenuators moved into the detector FOV, and it fell suddenly again before 12:18
UT when RHESSI went into night. We made two Gaussian fitting for the HXR flux as presented
with two thin blue solid curves in the panel. We believe the two fitted Gaussian shapes correspond
to the two obvious reconnection processes according to the derivation of SXR flux in panel b. The
observed HXR peaks in the middle of the two fitted peaks should be due to the overlapping effect
of HXR emission from these two reconnections, which is supported by the accumulation of the two
fitted curves as shown with the thick blue solid curve. Panel c shows that the first fast acceleration
profile did not have any correlations with the HXR flux, even the acceleration continued to decrease
after the reconnection onset. They tightly correlated with each other only during the second fast
acceleration process. Therefore, we suggest that the first fast acceleration process was
induced by the instability (Cheng et al. 2013), while the second one was accelerated
mainly through the subsequent magnetic reconnection (Priest & Forbes 2002; Lin et
al. 2003). The AIA 335 A˚ observations present a kink morphology during the eruption (See
Figure 1(h)), indicating that the filament might be accelerated through the MFR kink instability
(Cheng et al. 2014). Our study suggests that both mechanisms have a comparable contribution to
the CME acceleration, which is consistent with the MHD simulation results (Chen et al. 2007b).
3. DISCUSSION
Our observational results have significant theoretical implications. The event provides us
an excellent opportunity to compare the contributions of different acceleration mech-
anisms. During the eruption, the filament first exhibits a slow-rise phase, followed by two fast
acceleration phases. For the slow-rise phase, the acceleration might be induced by the initial weak
quasi-separatrix-layer (QSL) reconnection (Cheng et al. 2013), i.e., reconnections at the interface
between filament and its surrounding corona. The brightening as shown with arrows in Figures 1(a)
and (d) indicated that there existed reconnection during that period (Cheng et al. 2013). Another
possibility is that the slow-rise phase was due to the initial acceleration stage caused by the MFR
kink instability. It is not possible to distinguish their contributions at this phase.
However, for the following two fast acceleration phases, we suggest that they are attributed to
the instability and the reconnection, respectively. It can be seen that the first obvious reconnection
didn’t result in any considerable filament acceleration. This might be explained by two possible
factors: first, the reconnection is weaker compared to the second one according to their HXR peak
values as mentioned above. This weak reconnection might be insufficient to accelerate
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the MFR as it can not weaken the tension force of the overlying magnetic loops fast
enough, and may even lead to the MFR deceleration as calculated by Lin & Forbes
(2000) and Lin (2002); second, it is likely that this reconnection is still the QSL reconnection,
as told from the HXR data of RHESSI. The locations of the HXR sources are shown as black
contours at 70%, 80%, and 90% of the maximum in the 25-50 keV band (Figures 1(b),(c),(e),(f)).
The sources are mainly at the two footpoints of the filament during the first obvious reconnection
(Figures 1(b),(e)), which is consistent with the QSL reconnection. The QSL reconnection can heat
the filament (as depicted with arrows in Figures 1(b) and (e)) (Cheng et al. 2013) and produce
high energy electrons that escape along two legs of the filament and produce HXR emission at the
footpoints, but it does not contribute to accelerate filament. On the other hand, the HXR sources
locate mainly between the two footpoints during the second obvious reconnection (Figures 1(c),(f)),
which indicates the reconnection mainly took place in the current sheet connecting the filament to
the flare loop. This reconnection can accelerate filament/MFR (Carmichael 1964; Sturrock 1966;
Hirayama 1974; Kopp & Pneuman 1976; Lin & Forbes 2000; Lin 2002; Chen 2011) and produce
energetic electrons that hit the flare loop to produce the RHESSI HXR source.
If there was not the first obvious magnetic reconnection, and the second obvious reconnection
took place quickly after the kink instability onset, we will not be able to distinguish the contributions
from the instability and reconnection, and we should observe only one fast acceleration phase
like most events. Therefore, we point out that the time difference between the instability onset
and the subsequent reconnection in the current sheet should be long enough to distinguish their
contributions. We conjecture that this time difference is very short in most events, which might be
one important reason that similar events with two fast acceleration phases are rare.
4. SUMMARY
A filament eruption associated with an M5.9 class flare was well observed by
the AIA at the southeast limb of the Sun on 2014 August 24, which presented two
fast acceleration phases during the eruption and provided us a perfect opportunity
to compare the contributions of different acceleration mechanisms of CMEs/MFRs
during a particular event. Based on the detailed analysis of the relations between velocity
(acceleration) and SXR (HXR) profiles, we suggest that the instability and magnetic reconnection
make a major contribution during the first and second fast acceleration phases, respectively. The
averaged acceleration for the first phase is ∼1626 m s−2, similar to that of the second phase (∼1600
m s−2). Therefore, both instability and reconnection play a comparable role to accelerate the
filament in this event, which is consistent with the MHD simulation results (Chen et al. 2007b).
We summarize the two fast acceleration phases as follow: the instability takes place first in a
catastrophic manner, then the MFR is accelerated by the Lorentz force (Chen et al. 2007b; Amari
et al. 2014). The magnetic energy is mainly transformed into the kinetic energy of MFR. In the
meanwhile, current sheet is bound to form as the eruptive MFR drags magnetic field lines outwards,
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which provides proper site for fast magnetic reconnection. The subsequent reconnection produces
a further acceleration of the MFR, i.e., the second fast acceleration phase.
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Fig. 1.— Filament eruption event on 2014 August 24 observed in AIA images. (A color version
and animation of this figure are available in the online journal.)
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Fig. 2.— The constructed slice-time plots illustrating the rising motion of the filament.
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Fig. 3.— (a) The velocity-time plots of the filament (red solid line), along with GOES SXR 1–8 A˚
flux profiles of the accompanying flare. (b) The derivation of the SXR flux. (c) The acceleration-
time plots (red solid curve), along with RHESSI HXR 12-25 keV (black solid curve) and their
gaussian fittings (blue solid curve). (A color version of this figure is available in the online journal.)
